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Abstract The arbuscular mycorrhizal (AM) fungi colonizing
the sporophytes of the eusporangiate rattlesnake fern
(Botrychium virginianum, Ophioglossaceae) in its Hungarian
population were investigated in the present study. Different
regions of the ntfRNA gene complex were analyzed using
two different primer sets. These produced similar results for
the detected AM fungi phylotypes. Several AM fungal
lineages were associated with sporophytes of B. virginianum.
Phylogenetic analyses of different partial small subunit
datasets grouped one lineage into the Gigasporaceae,
showing similarities with Scutellospora sequences. In addi-
tion to unidentified Scutellospora phylotypes, it is possible
that S. gregaria also colonized the fern. Several AM fungal
phylotypes colonizing the sporophytes grouped into Glomus
group A. They did not form distinct clades but grouped with
sequences of AM fungi with different geographic and host
origins. One main lineage clustered into the widespread G.
fasciculatum/G. intraradices group and one into the sub-
group GIGrAc, while others had no affinity to the subgroups
of Glomus group A. As AM fungal phylotypes associated
with B. virginianum seem to belong to widespread AM
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fungal taxa and show no specificity to this fern, we suppose
that the previously described special anatomy of AM of B.
virginianum 1is determined by the plant.
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Introduction

The diversification of the monophyletic fungal phylum
Glomeromycota might be synchronous with the spread of
terrestrial plants (Simon et al. 1993). Almost all main
terrestrial plant groups have arbuscular mycorrhiza (AM)-
forming capacities, including members of either basal or
derived plant groups (Wang and Qiu 2006). Several
“lower” plants (i.e., cryptogamic, spore-dispersed plants)
form AM, like, for example, basal lineages of liverworts
(Kottke and Nebel 2005), Marchantia species (Russel and
Bulman 2005), members of Lycopsida, and horsetails (Read
et al. 2000; Brundrett 2002; Wang and Qiu 2006). The main
groups of ferns differ in their mycorrhiza-forming features
(Read et al. 2000; Zhao 2000; Brundrett 2002; Zhang et al.
2004; Turnau et al. 2005; Wang and Qiu 2006). The
rattlesnake fern (Botrychium virginianum (L.) Sw.) is an
eusporangiate fern, and most of the hitherto studied species
of this group form AM. These ferns are associated with
fungi in both parts of their life cycle. The achlorophyllous
gametophytes of the Psilotales and Ophioglossales are
obligate biotrophs and are associated with fungi with
characteristics resembling Glomeromycota (Read et al.
2000; Brundrett 2002). The sporophytes of the Ophioglos-
saceae unambiguously form AM. This family represents an
early branched eusporangiate fern group (Pryer et al. 2001)
with three genera (Wagner 1990) and includes many
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protected species. Gallaud 1905 documented the AM of
Ophioglossum and grouped it into the Arum-type. The
anatomical characteristics of the fungal associations of the
sporophytes from this group have since been described in
several studies (see in Kovacs et al. (2003) and references
therein). Specific arbuscule structures have been reported
from Ophioglossum species, such as the “Sternarbuskel”
with swollen branch ends (Burgeff 1938; Schmid and
Oberwinkler 1996) or coralloid arbuscules (Schmid and
Oberwinkler 1996), while arbuscules with lobe-like
branches, resembling the structures found in Triassic fossils
(Stubblefield et al. 1987), have been described from the
sporophyte of B. virginianum (Kovacs et al. 2003).

Despite the numerous anatomical studies of AM of ferns,
we are not aware of any published, detailed molecular
investigation of AM fungi colonizing ferns except for a
study on Botrychium pumicola Coville (Camacho and
Trappe 1998).

Molecular phylogenetic studies of the Glomeromycota
have revealed considerable diversity in this phylum
(Opik et al. 2006). The relatively few species described
mostly based on the spore morphologies probably
represent only a small part of the existing taxa. Although
partial large subunit (LSU) sequences of ntDNA (e.g.,
van Tuinen et al. 1998; Geue and Hock 2004; da Silva et
al. 2006; Gamper and Leuchtmann 2007) and actin and
elongation factor 1-alpha sequences have been used to
study the Glomeromycota (Helgason et al. 2003),
sequences of the small subunit (SSU) gene and internal
transcribed spacer (ITS) region of the ntDNA have most
frequently been used for in planta molecular studies of
AM fungi (e.g., Husband et al. 2002; Wubet et al. 2003;
Douhan et al. 2005; Rodriguez-Echeverria and Freitas
2006; Wubet et al. 2006a, b). The number of molecular in
planta diversity studies of AM fungi has been increasing
rapidly during the past few years. However, there is an
uneven distribution of data concerning geographic origins
or host plants (Opik et al. 2006), similar to those based on
spore studies (Morton 1993). There are very few AM
fungal data from the Carpathian Basin in public molecular
databases. Until the beginning of the present work here,
only three AM fungal sequences from Hungary had been
released, two from spores of Glomus species (Landwehr
et al. 2002) and one originating from a tree nursery
experiment (Szeg6 et al. 2007).

The unique Hungarian population of the strictly pro-
tected, red-listed rattlesnake fern is one of the biggest
populations of this species in Europe with approximately
1,000 adult sporophytes (Csiky 1997; Bagi 2006). Our
earlier ultrastructural study (Kovacs et al. 2003) indicated
that the fungal colonization of B. virginianum sporophytes
in the area could be considered as a functional AM and not
just an occasional colonization by Glomeromycota.
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The main aim of the work presented here was to carry
out molecular characterization of the AM fungi colonizing
the sporophyte of B. virginianum, using different Glomer-
omycota-specific polymerase chain reaction (PCR) primer
combinations targeting the ntDNA gene complex. Primers
designed to target the SSU 5’ part and the ITS region of
nrDNA (Redecker 2000; Redecker et al. 2003) and another
recently published primer set amplifying a part of the SSU
(Wubet et al. 2006a) were used in our study. Comparison of
results obtained with these two PCR systems is discussed.

Materials and methods
Sampling area

The unique Hungarian population of B. virginianum occurs
on the Great Hungarian Plain. The plant community of the
habitat is a mixed deciduous woodland dominated by AM-
forming species (Csiky 1997; Kovacs and Bagi 2001). The
mean annual precipitation in the area is 550-600 mm, and
the mean annual temperature is 10.7°C. The thickness of
the weakly calcareous (pH 7.5-8) sandy upper layer of the
soil is varied between 0.5 and 1 m and contains 3.3-8.5%
organic matter. The area is protected under the supervision
of the Kiskunsag National Park.

Sample collecting

The officially permitted collecting of root samples from
five mature B. virginianum sporophytes was carried out
between October 2004 and October 2005. The collected
roots were checked under a stereomicroscope, and the
external debris was removed. To examine fungal coloniza-
tion, thin cross-sections were cut with a razor blade every
5-7 mm and stained in aniline blue. If hyphal colonization
resembling those formed by AM fungi was detected, that
root segment was used in the subsequent molecular work.

DNA extraction, amplification, cloning and sequencing

Total DNA was extracted from the root samples using a
DNAeasy Mini Kit (Qiagen, Hilden, Germany). In the first
step, the roots were homogenized in Eppendorf tubes in the
extraction buffer (AP1) using micropestles and sand.
Afterwards, the instructions of the manufacturer were
followed. Seminested PCR were carried out with the primers
described by (1) Redecker (2000) and Redecker et al. (2003)
and (2) Wubet et al. (2006a) as follows. (1) Primers NS5 and
ITS4 (White et al. 1990) were used in the first step with the
following PCR program: denaturation at 94°C for 5 min; 35
cycles of denaturation at 94°C for 30 s, annealing at 55°C for
35 s, extension at 72°C for 1 min and 50 s, and final
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extension at 72°C for 10 min. The reaction mixtures with or
without detectable amplicons were diluted 1,000 and 100
times, respectively, and used as a target in the second
reaction. Amplification was always checked in ethidium
bromide-stained 1% agarose gels. In the second step, the
primer pairs used were GIGA1313-ITS4 and GLOMS.8R-
NS5 with 50°C, ACAU1661-1TS4, ARCH1311-ITS4, and
GLOM1310-ITS4 with 52°C, LETC1670-ITS4, LETC1677-
ITS4, and GIGAS.8R-NS5 with 54°C as the annealing
temperatures. The rest of the PCR conditions were identical
to those described above. (2) In the first step of the nested
PCR targeting the partial SSU of ntDNA (Wubet et al.
2006a), the GLOM1536 and GlomerTWO primers were used
with the following PCR conditions: denaturation at 94°C for
5 min, 35 cycles of denaturation at 94°C for 30 s, annealing
at 55°C for 35 s, extension at 72°C for 1 min and 40 s, and
final extension at 72°C for 10 min. One microliter of the first
reaction was used as a target in the second step using the
primers GlomerTWI1, GlomerTW2, GlomerTW3, and
GlomerTW4; all of them were paired with GlomerTWO.
The PCR conditions were identical in the first and the second
step of the seminested PCRs. All the reaction mixtures
contained 0.1 volume 10x PCR buffer (MBI Fermentas,
Vilnius, Lithuania), 200 uM each of dATP, dCTP, dGTP and
dTTP (MBI Fermentas), 0.5 uM of each primer, 1 U
recombinant 7aqg DNA polymerase (MBI Fermentas). All
amplifications were carried out using a T-Gradient 96
thermocycler (Biometra, Gottingen, Germany) with ramp
speed set to 1°C/s.

When appropriate-sized PCR products were detected in
agarose gels, these were cleaned using a PCR Clean up-M
kit (Viogene, Hong Kong, China). When amplicons with
different sizes were observed, the appropriate sized bands
were isolated from agarose gels using a Gel-M Extraction
System (Viogene). PCR products were cloned into pGEM-
T Easy Vector (Promega, Madison, WI), and the clones
were transformed into competent JIM109 Escherichia coli
cells (Promega) by heat shock. After overnight growing of
white colonies picked into 2-ml Luria—Bertani medium, the
plasmid DNA was cleaned using a Mini-M Plasmid DNA
Extraction Kit (Viogene). The clones containing an
appropriate-sized insert were selected after digestion with
EcoRI restriction enzyme (MBI Fermentas). Positive clones
were sequenced on both strands with universal forward and
reverse primers using an ABI PRISM 3.1 BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystem,
Foster City, CA). Electrophoresis was carried out in an ABI
PRISM 3100 Genetic Analyzer at the service laboratory of
the Biology Research Center (Szeged, Hungary). DNA
sequences were processed and analyzed with the Staden
Program Package (Staden et al. 2000). Non-Glomeromycota
sequences were excluded from the analyses after the
nucleotide basic local alignment search tool (BLAST;

Altschul et al. 1990) homology search on National Center
for Biotechnology Information (http://www.ncbi.nih.gov/
BLAST). To exclude chimeric sequences from further
analyses, the Chimera Check program of the Ribosomal
Database Project II (Cole et al. 2003) was used (http://rdp8.
cme.msu.edu/html/). Altogether, 110 clones were sequenced,
approximately 70% of which were usable Glomeromycota
sequences. All the sequences used in the analyses presented
here have been deposited into the GenBank under accession
numbers EF393579-EF393618.

Phylogenetic analyses

The two seminested PCR sets amplified different regions of
nrDNA that overlapped only on a short region of the SSU
gene. As a consequence, the sequences obtained with the
two systems were analyzed separately. These were marked
as “RED” and “WUB” for Redecker’s and Wubet’s primer
sets, respectively. Two data matrices were constructed from
both RED and WUB sequences. To study the position of
the detected AM fungi lineages within the phylum
Glomeromycota, representatives of both RED and WUB
sequences were aligned with SSU ribosomal DNA sequences
from SchiiBler et al. (2001), complemented with sequences
from other works (Walker et al. 2004; de Souza et al. 2005).
These were marked as RED-PHYL and WUB-PHYL,
respectively. The sequence of Endogone pisiformis
(X58724) was used as the outgroup during these analyses.

Most of the phylotypes detected in B. virginianum
belonged to Glomus group A (GIGrA). The representatives
of this group from both RED and WUB datasets, together
with representatives of similar sequences found during the
BLAST search, were analyzed together with the GIGrA AM
fungi sequences from B. viginianum. These datasets were
marked as RED-GIgrA and WUB-GlgrA, highlighting that
these analyses were restricted to GlGrA. The sequence of
Glomus lamellosum (AJ276087) was used as the outgroup
during these analyses.

The sequences were aligned by MultAlin (Corpet 1988)
from its website (http://bioinfo.genopole-toulouse.prd.fr/
multalin/multalin.html) and checked and edited manually
with the program ProSeq2.9 (Filatov 2002). Several
putative analyses with different versions of the databases,
including different alignments, were carried out using the
Kimura two-parameter model and neighbor-joining algo-
rithm with the program MEGA 3.1 (Kumar et al. 2004).
The maximum-likelihood (ML) phylogenetic analyses were
performed using the program PHYML (Guindon and
Gascuel 2003). According to Modeltest 3.06 (Posada and
Crandall 1998), the general time reversible nucleotide
substitution model was used with ML estimation of base
frequencies. The proportion of the invariable sites was
estimated and optimized. Four substitution rate categories
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were set, and the gamma distribution parameter was
estimated and optimized. Bootstrap analysis with 1,000
replicates was used to test the statistical support of the
branches. The same substitution model was used in the
Bayesian analyses performed with the program MrBayes
3.1 (Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003). The Markov chain was run over
2,000,000 generations, sampling in every 100 step and
with a burn in at 7,500 sampled trees. The details of the
analyses and the alignments are available upon request. The
phylogenetic trees were visualized and edited by the Tree
Explorer of the MEGA 3.1 program (Kumar et al. 2004).

Results
Root colonization

The characteristics of fungal colonization of the sporophyte
of B. virginianum were similar to those reported in previous
anatomical studies carried out on the fern (Kovacs and Bagi
2001, Kovacs et al. 2003). Approximately one third of the
roots examined in this work were colonized by hyphae
localized in a two- to four-cell layer of the root cortex

(Fig. 1).
Specificity of the primers

Nonspecific amplifications were repeatedly obtained with both
PCR systems. Two kinds of nonspecificity could be distin-
guished: amplification of Glomeromycota nrDNA from groups
different from the targeted taxa and the amplification of non-
Glomeromycota ntDNA. Both kinds of nonspecificity were
detected using the primers from Redecker (2000) and

Fig. 1 Cross section of the root of the sporophyte of Botrychium
virginianum illustrating the fungal colonization of cortical cells. Bar:
40 um
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Redecker et al. (2003), while only non-Glomeromycota
DNA amplifications were detected using the primers designed
by Wubet et al. (2006a,b). The portion of the non-
Glomeromycota sequences was generally low (approx.
15%). However, there were considerable differences between
the primers targeting different groups; the oligonucleotides
designed to amplify basal branches of the Glomeromycota
amplified more non-Glomeromycota ntDNA than the primers
of other Glomeromycota. All of the non-Glomeromycota
fungal sequences were Ascomycota sequences.

Phylogenetic analyses

All the methods used for inferring phylogenies from the
different datasets resulted in very similar results. The
analyses of two datasets are presented below in detail: (1)
the results obtained using the RED-PHYL dataset to present
the position of the newly detected phylotypes within the
Glomeromycota (Fig. 2) and (2) the results obtained from
the WUB-GlgrA dataset to show the position of the AM
fungi of B. virgianum within the GIGrA together with
representatives of sequences obtained with BLAST (Fig. 3).

The position of AM fungal phylotypes colonizing
B. virginianum

The RED-PHYL dataset contained 76 sequences and was
432 characters long. The inferred phylogeny of the phylum
was in accordance with the known grouping of the
Glomeromycota (Fig. 2). The phylotypes of AM fungi
colonizing the sporophyte of B. virginianum separated into
five main groups, one grouped into the Gigasporaceae and
four into Glomeraceae, exclusively into the GIGrA (Fig. 2).
The analyses of the WUB-PHYL dataset resulted similar
branching of the phylotypes (data not shown). Scutellospora
sequences (BV-RED-1) detected in sporophytes of B.
virginianum formed two lineages: one showed similarities
with sequences of S. castanea C. Walker/S. fulgida Koske &
C. Walker, while the other showed unambiguous similarity
with the sequences of S. gregaria (N.C. Schenck & T.H.
Nicolson) C. Walker & F.E. Sanders (Fig. 2).

Four main groups were formed within the GIGrA (Fig. 2).
Two of them clustered unambiguously into the previously
separated subgroups of GIGrA (according to Schwarzott et
al. 2001): One (BV-RED-3) grouped into the subgroup
GIGrAb, forming a distinct clade with moderate support
(Fig. 2), while the other (BV-RED-2) formed a well-
supported clade with Glomus sp. W3347 representing the
subgroup GIGrAc (Fig. 2). The remaining two groups, BV-
RED-4 and BV-RED-5, formed distinct lineages with
moderate support in the case of BV-RED-4 and with
ambiguous branching for BV-RED-5 (Fig. 2). No sequence
obtained during the BLAST analyses grouped unambigu-
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Fig. 2 The maximum-likelihood
tree inferred from partial SSU
sequences showing the position of
the AM fungi colonizing B. vir-
ginianum in the phylum Glomer-
omycota (BV-RED-1-5). The
sequences obtained in this study
with the primers designed by
Redecker (2000) and Redecker et
al. (2003) are in bold. GIGrAa,
GIGrAb, and GIGrAc correspond
to the subgroups of GIGrA fol-
lowing Schwarzott et al. (2001).
The first value at the braches
shows the bootstrap values as
percentage, while the values after
the slash are the posterior proba-
bilities as percentages. The values
below 70% are not shown.
Genera: G. Glomus, Gi. Giga-
spora, S. Scutellospora, P. Pacis-
pora, D. Diversispora, E.
Enthrophospora, A. Acaulospora,
Ar. Archeospora, Ge. Geosiphon,
P. Paraglomus. The GenBank
accession numbers are indicated
after taxon names

g0/79 - G. mosseae Z14007
L G. coronatum AJ276086
97/100 Glomus sp. W2939 AJ301865
L Glomus sp. W2940 AJ301864
G. caledonium Y17653
84180 G, fragilistratum AJ276085
G. geosporum AJ245637
1901 G. verruculosum AJ301858
BV clone02a33 =
95/100’7

GIGrAa

BV clone7a2

85/100

BV clone7a8 BV-RED-5
90/100 BV clone7a13

90/100 L BV clone7a10

BV clone7a5 eI

BV clone02a2
BV clone02a24
BV clone27a1l BV-RED-4
BV clone02a5
! BV clone02a35

G. sinuosum AJ133706
G. coremioides AJ249715
BV clone02a10

HjBV clone02a7 BV-RED-3
BV clone02a13

76/
L BV clone02a39
G. manihotis U36590
G. manihotis Y17648
G. clarum AJ276084
G. proliferum AF213462
G. fasciculatum AY17640
G. intraradices AJ301859

-7

86/99

74/100

97/100

L Glomus sp. W3347 AJ301857
G. lamellosum AJ276087
Glomus sp. W3234 AJ301855
92/92 | G. luteum Aj276089
G. lamellosum Aj276083
1001100 | | G. etunicatum Y17639
G. claroideum AJ276080
G. viscosum Y 17652
86/97L Glomus sp. W3349 AJ301856
_1g7 — BV clone59a28
LBV clone73a5
BV clone73a7
— BV clone60a14
[|f- BV clone59a24
BV clone73a6
S. gregaria AJ871274
S. dipapillosa Z14013
S. heterogama U36593
S. cerradensis AB41344
S. reticulata AJB71272
S. pellucida Z14012
S. gilmorei AJ276094
S. castanea AF038590
S. fulgida AJ306435
Gi. albida Z14009
q: Gi. gigantea Z14010
Gi. rosea X58726
L— S. projecturata AJ242729
P. scintillans AJ619953
| p. scintillans AJ619948
P. scintillans AJ619940

99100 - D. spurca Y17650
ML—[D. spurca AJ276077
G. cf. etunicatum Y17644
96/100 Entrophospora sp. Z14011
T 41} E. colombiana Z14006
93M00L_ 4 spinosa 214004

Ar. trappei AY17634

Ar. leptoticha AB015052
Ge. pyriformis AJ276074

P. brasilianum AJ301862
100/100 L P. occultum AJ276082

98/100

83/99

7391

96/100

79/96

Endogone p is X58724

5 changes
/100 characters
—

BV-RED-1

GIGrAb

BV clone28a6 BV-RED-2
4[» BV clone28a5 B GIGrAc

Pacisporaceae

Geosiphonaceae

GIGrA

GIGrB

Diversisporaceae

Acaulosporaceae

Archeosporaceae

Paraglomeraceae

Glomeraceae

Gigasporaceae
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Fig. 3 The maximum-likelihood
tree inferred from partial SSU
sequences showing the position
of the AM fungi colonizing B.
virginianum within Glomus
group A (BV-WUB-1-6). The
sequences obtained in this study
with the primers designed by
Wubet et al. (2006a) are in bold.
GIGrAa, GIGrAb, and GIGrAc
correspond to the subgroups of
GIGrA following Schwarzott et
al. (2001). The first value at the
branches shows the bootstrap
values as percentage, while the
values after the slash are the
posterior probabilities as percen-
tages. The values below 70% are
not shown. The accession num-
ber of each GenBank data has
been indicated. The hosts (when
it was known) are presented in
parenthesis, while the geographic
origin is given between slashes
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BV clone35a3
Glomus sp. (Schedonorus pratensis) /Sweden/ AJ866266
BV clone73a5 :
s9r100
BV clone73at BV-WUB-1
Glomus sp. Glo8 AF481557
Glomus sp. (Thiaspi praecox) /Slovenia, Lokovec! AY 139009

7083

Glomus sp. Glo8 (Trifolium repens) /Holland, Waterleidingduinen/ AY512369
BV clon-35a1:i BV-WUB-2
BV clone35a?
Glomus sp. (Ammophila arenaria) /Portugal, Sao Jacinto/ DQ357173
Glomus sp. (Solidago gigantea) /Northern ltaly/ DQ164822
|- Uncultured glomeraceous AM fungus (Puccinellia distans) /Germany, Hannover/ DQ263928
Glomus sp. (Agrostis stolonifera) [France/ EF041068
G. fasciculatum Y17640

BV clone37a6 j BV-WUB-3

BV clone37a3

99/100

Glomus sp. (Solidago gigantea) /italy, Savona/ DQ164823
Glomus sp. Glo8 (arable crops) /United Kingdom, North Yorkshire/ AJ309462 GIGrAb
Uncultured glomeraceous AM fungus (Aster tripolium) /Germany, Hannover/ AY955316
Glomus sp. (Cedrela sp.) [Ecuador/ DQ336466

Glomus sp. MO-G13 (Pulsatila patens) [Estonial AJ496058

857100

Uncultured glomeraceous AM fungus (Puccinellia distans) /Germany, Hannover/ AY955357
G. vesiculiferum L20824

Glomus sp. PSAMG4 (Saccharum spontaneur) [Philippines, Mt. Pinatubo/ AB178740
G. intraradices DQ322630

L—G. intraradices AJ301859

G. manihotis Y17648

G. proliferum AF213462

31100
G. clarum AJ276084

Glomus sp. (Marchantia foliacea) INew Zealand, Kinloch/ AJ699066
Glomus sp. (Marchantia foliacea) INew Zealand, Port Levy/ AJ699060
Glomus sp. (Marchantia foliacea) /New Zealand, Ross/ AJ699067

1001100

Glomus sp. (Voyria IFrench Guiana/ AJ430853
G. sinuosum AJ133706
Glomus sp. (Marchantia foliacea) INew Zealand, Ofira valley/ AJ699062

Glomus sp. JPCO38 (Juniperus procera) /Ethiopial DQOB5209

Glomus sp. (Voyria corymbosa) [French Guiana/ AJ430852
Glomus sp. JPC043 (Juniperus procera) [Ethiopial DQ0B5214
Glomus sp. JPC048 (Juniperus procera) /Ethiopial DQ0B5219
BV clone37a2

Glomus sp. (Ammophila arenaria) /Portugal, Comporta/ DQ357111
Glomus sp. (Ammophila arenaria) [Portugal, Comportal DQ357102
BV clone35as BV-WUB-4
BV clone75a4
Glomus sp. W3347 AJ301857 GIGrAc
Glomus sp. MO-G7 (Pulsatilia patens) [Estonial AJ418858
Glomus sp. Giod (Acer pseudoplatanus) /United Kingdom, North Yorkshire/ AF485868
. hoi (Ajuga reptans) /United Kingdom, Yorkshire/ AJ854087
Glomus sp. PSAMGS (Rhynchelytrum repens) /Philippines, M. Pinatubof AB178741
Glomus sp. PSAMGS (Saccharum spontaneum) /Philippines, Mt. Pinatubo/ AB178749
4217~ Glomus sp. JPCO52 (Juniperus procera) [Ethiopial DQ85223

Glomus sp. JPCO55 (Juniperus procera) [Ethiopial DQOB5226
Glomus sp. (Ammophila arenaria) /United Kingdom, Wales/ DQ090865
Glomus sp. Glo13 (Trifolium repens) /Scotland, Kelso/ AF437660
Glomus sp. MO-G12 (Pulsalilla pratensis) [Estonial AJ496108
Glomus sp. (Ammophila arenaria) /United Kingdom, Wales/ DQ090866
Glomus sp. (Ammophila arenaria) [United Kingdom, Wales/ DQ0S0872
BV clone71a1

991100

99/100

aoisg

190

BV clone37a4
BV clone35a9
BV clone71a6

BV-WUB-5

Glomus sp. (Ammophila arenaria) /Portugal, Sao Jacinto/ DQ357152
Glomus sp. (Ammophila arenaria) [Portugal, Comporta/ DQ357093
Glomus sp. (Ammophila arenaria) [Portugal, Comportal DQ357088

as1100 [— Glomus sp. (Phragmites australis) /Germany, Lake Constance/ AJ563868
Glomus sp. (Burmannia congesta) /Cameroon, Africal DQ371679
Glomus sp. (Ammophila arenaria) /Portugal, Comportal DQ357120

L Glomus sp. (Phragmites australis) /Germany, Lake Constance/ AJ563861
— Glomus sp. Glo4 (arable crops) /United Kingdom, North Yorkshire/ AJ309460
wo | Glomus sp. JPCO05 (Juniperus procera) [Ethiopial DQOB5176
Glomus sp. JPCO15 (Juniperus procera) [Ethiopia/ DQOB5186.
L Glomus sp. MO-G9 (Puisatilla pratensis) [Estonial AJ418889
BV clone71a3 BV-WUB-6

BV clone71ad

99r100

Glomus sp. MO-GB (Pulsatilla pratensis) /Estonial AJ496109

Glomus sp. Glo14b (Faramea occidentalis) [Panama, Barro Colorado Island/ AY 129608

Glomus sp. RFLP 27 (Clintonia borealis) /Northwestern Quebec, Lake Duparquet/ DQ122636
L Glomus sp. RFLP 2 (Thymus polytrichus) /United Kingdom, River South Tyne/ AY330273

o01100| Glomus sp. JPC022 (Juniperus procera) /Ethiopial DQOB5193

Glomus sp. JPC024 (Juniperus procera) [Ethiopial DQO85195

sar100 — Glomus sp. LIaoS (Arachnitis unifiora) /Argentina, Rio Negrol AF480157
| Glomus sp. Liaos (Arachnitis uniflora) IArgentina, Rio Negro/ AF480158

as1100 | Glomus sp. Glo18 (Festuca ovina) /Holland, Waterleidingduinen/ AY512362

Glomus sp. (Marchantia foliacea) INew Zealand, Ross/ AJ699069

7598 Glomus sp. Glo21 (Faramea occidentalis) [Panama, Barro Colorado Island/ AY 129580
—{ F Glomus sp. GloS0 (Hieracium pilosella) /Holland, Waterleidingduinen/ AY512350
9197| Glomus sp. MO-G1 (Pulsatilla patens) /Estonial AJ496095
Glomus sp. JPCO74 (Juniperus procera) [Ethiopia/ DQ085245.
Glomus sp. JPCOB0 (Juniperus procera) /Ethiopial DQO85251
Glomus sp. JPC081 (Juniperus procera) [Ethiopial DQ085252
G. constrictum AJ506090

Glomus sp. (Solidago gigantea) /italy, Savonal DQ164814
g G. viscosum AJS05812

Glomus sp. WUM3 AJ301864

G. coronatum AJ276086

Glomus sp. NBR4.1 EF033125

G. mosseae AY635833

G. mosseae 214007 GIGrAa
G. verruculosum AJ301858

o G. geosporum AJ245637
G. fragilstratum AJ276085

G. caledonium Y17653

5 changes / 100 characters

G. lamellosum AJ276087
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ously with these newly obtained AM fungal sequences from
B. virginianum.

The AM fungal phylotypes colonizing B. virginianum
within the Glomus Group A

Numerous similar AM fungal sequences obtained from
different geographic regions and hosts were collected in the
BLAST analysis of the GIGrA sequences obtained with the
WUB primers. The WUB-GlgrA dataset contained 103
sequences and was 464 characters long. Six groups of AM
fungal sequences from B. virginianum were separated,
generally with moderate support (Fig. 3). The sequences
within the subgroup GIGrAb formed three lineages rather
than forming one group (Fig. 3). Only the group BV-WUB-
1 separated unambiguously from any known sequences,
while the BV-WUB-2 and BV-WUB-3 grouped together
with sequences of known taxa and also with sequences of
uncultured Glomus spp. originating from in planta studies
of different hosts carried out in different geographic regions
including even different continents (Fig. 3). One linecage
(BV-WUB-4) grouped into the well-supported subgroup
GIGrAc and branched together with AM fungal sequences
from different regions and host plants (Fig. 3). A high
number of sequences belonging to GIGrA formed a large
group without affinity to the subgroups of GIGrA (Fig. 3).
No described taxon could be found in this group. Two
groups of sequences of AM fungal colonizing B. virgin-
ianum (BV-WUB-5 and BV-WUB-6) branched within this
group showing similarities with AM fungal sequences from
different hosts and geographic regions (Fig. 3).

Discussion

The previous anatomical study of the sporophyte of B.
virginianum unambiguously showed that the species form
AM, similarly to other ferns of the family Ophioglossaceae
(Kovécs et al. 2003). The present in planta molecular study
of AM fungi colonizing B. virginianum revealed that several
different Glomeromycota colonize the sporophyte of the
eusporangiate fern. Both PCR sets in our study have
advantages, and in spite of the limitations of the compara-
bility of the results obtained, they produced similar results. In
certain cases, the use of the more specific ‘Redecker’ primers
(Redecker 2000; Redecker et al. 2003) could be more
advantageous than those published by Wubet et al. (2006a).
The GIGAS.8R-NSS5 and GIGA1313-ITS4 primer pairs were
designed to amplify only the Gigasporaceae (Redecker 2000;
Redecker et al. 2003), while the primers GlomerTWO0—
GlomerTW4 were designed to amplify Gigasporaceae and
also Glomeraceae, Pacisporaceae, and Paraglomeraceae
(Wubet et al. 2006a). In addition to more frequent non-

specific amplification by the GlomerTWO0-GlomerTW4
primers, several Glomus sequences were obtained with these
primers. If the root colonization is dominated by Glomus
taxa, the detection of the Gigasporaceae and other sequences
will be more difficult with the GlomerTWO0-GlomerTW4
primers. On the other hand, as nearly complete SSU gene
sequences are generally used in phylogenetic and taxonom-
ical studies of the phylum (SchiifSler et al. 2001; Schwarzott et
al. 2001; Walker et al. 2004; de Souza et al. 2005), the whole
length (approx. 1,000 bp) of the sequences obtained using
the GlomwerTW primers could be used to analyze the
position of the phylotypes within the Glomeromycota.
Numerous in planta molecular studies of AM fungal diversity
(e.g., Helgason et al. 2002; Husband et al. 2002; Opik et al.
2003; Whitfield et al. 2004; Douhan et al. 2005; Vallino
et al. 2006; Wolfe et al. 2007) used primers NS31 (Simon
et al. 1992) and AMI1 (Helgason et al. 1998). As the SSU
segment amplified by this primer pair overlaps with a part of
the ntDNA amplified by GlomerTW primers, numerous
sequences could be analyzed together with the newly
obtained ones. This could prevent misleading interpretation
of distinct lineages when the separation of the groups is not
due to a real segregation but only to lack of data. In the
present study, the distinct groups obtained in the analyses of
the datasets from “Redecker” primers raised the question
whether the separation is due to specificity (regardless of
being geographic, habitat, or host specificity). However, the
lineages were not distinct anymore when, because of overlap,
other sequences from the GenBank could be included into the
analyses of the data from GlomerTW primers, and the
sequences grouped together with the phylotypes of the AM
fungi colonizing B. virginianum.

A rough estimation of the average number of AM fungal
lineages of main habitat types, which could be considered as
a kind of diversity, was calculated by Opik et al. (2006)
based on a meta-analysis of the results from molecular
studies of AM fungal diversity. The habitat of the B.
virginianum is a forest on sandy soil in a continental climate,
and the number of AM fungal lineages found (five or six to
seven, depending on the dataset) is in accordance with the
range calculated by Opik et al. (2006) for these habitats.

None of the phylotypes of AM fungi colonizing B.
virginianum were distinct. All the lineages branched in the
GIGrA and clustered with common taxa from different
geographic and host origin. AM fungi of the G. intra-
radices/fasciculatum group, which is one of the most
common Glomeromycota groups, also colonized the sporo-
phyte of B. virginianum. Among the AM fungal lineages
detected in B. virginianum, several other sequences grouped
with Glomus sp. W3347 representing the subgroup GlGrAc
(Schwarzott et al. 2001). The taxa grouping with G. hoi
(Helgason et al. 2002) are also quite frequent and are
common root-colonizing fungi; they have been detected in
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several different environments, generally in natural, undis-
turbed habitats (Opik et al. 2006). Many sequences, together
with two lineages colonizing B. virginianum, did not cluster
with the three subgroups of GIGrA but branched in a diverse
group without strong statistical support as a whole. This
diverse group seems to overlap with the “grassland” group
sensu Opik et al. (2006). The Scutellospora sequences
detected in sporophytes of B. virginianum belonged to two
lineages: One of them showed similarities with S. castanea/S.
fulgida and separated from the widespread Scutellospora
group (Opik et al. 2006), while the other showed unambig-
uous similarity to S. gregaria (Nicolson and Schenck 1979;
de Souza et al. 2005). To our knowledge, this is the first
report of in planta detection of this taxon in a natural
environment.

The molecular study of Glomeromycota colonizing the
sporophyte of B. virginianum revealed that the fern is
colonized by several different AM fungal lineages. These
phylotypes are not distinct and do not show specificity;
they group with widely distributed taxa and with AM
fungal sequences of different geographic and host origin.
Based on these results, we suppose that the previously
described odd structure of AM of the B. virginianum
sporophyte (Kovacs et al. 2003) is determined by the fern.

The results presented here are among the first molecular
data of AM fungi in the Carpathian Basin. Detailed
information about AM fungi in a certain geographic area
could help to control and plan application of AM fungal
inoculation in a region.
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